Low pressure (53/x) infrared multiple photon decomposition of several hydrocarbons requiring large fluences to produce measurable decomposition was investigated. Cyclopropane, propylene, methylcyclopropane, cis-and trans-2-butene, vinylcyclopropane, cyclopentene and 1-methylcyclopentene exhibit wide variations in reaction product yield and the spectral dependence of yield at constant pressure and fluence. The role vibrational state density, torsional vibrations and low intensity absorption cross section play in determining yields was examined. The results show the complex interplay of factors affecting multiple photon decomposition. Although the maximum observed yields tend to increase with increasing vibrational state density and absorption cross section, they were poorly correlated with either state density or cross section. The dependence of yield upon excitation wavenumber revealed several unexpected features which indicate that low energy vibrational level structure must be the dominant factor in determining yields. Also, the data suggest that torsional vibrations can ease the excitation bottleneck.
INTRODUCTION
Though the field of infrared multiple photon excitation (MPE) and dissociation (MPD) has received attention in the past decade, the complex photophysics of absorption of the first few quanta in the discrete vibrational level region, and coupling into the quasicontinuum (QC) by intramolecular vibrational energy redistribution (IVR) of the initial pumped mode excitation precludes any a priori determination of the facility of MPE and MPD in molecules possessing a discrete level excitation bottleneck. Molecules in which such a bottleneck is found are often referred to as "small" molecules. Current understanding of MPE suggests that the excitation bottleneck in a small molecule reflects its sparse density of vibrational states, which necessitates several discrete level transitions before the onset of the QC. Discussions of the dynamics of discrete level excitation can be found in Refs. 1-5. Vast differences in the MPD yields and in the ease of excitation are apparent in molecules reported in the literature. Generally, more facile excitation is observed with increasing size of the molecule, smaller molecules showing intensity dependent excitation changing over to fluence, or time integrated intensity dependent excitation in large, heavy molecules. 6 McAlpine et al. 7 reported that on pumping the mOH stretch mode in a series of molecules with a HF laser the same degree of excitation required lower fluences as the group attached to the--OH is made larger or heavier. This effect is ascribed to the onset of the QC at lower excitation energy in larger molecules by virtue of their higher density of states.
Apart from size, molecular structure can have significant influence in the excitation process. For instance, the presence of low frequency modes, such as the internal rotation of a methyl group, that make large contributions to the state densities can bring down the onset of the QC, thus decreasing the number of discrete level transitions. Also, these low frequency modes have significant thermal populations in their excited levels that can provide additional pathways for excitation. Furthermore, the vibrational energy level pattern may in some cases provide adventitious wavelength dependent excitation paths.
Since low level excitation is rate limiting in small molecule MPE, it is in small molecules that the effects of molecular structure (vibrational energy levels) on lower level excitation mechanisms will be manifested in such experimental observables as average excitation 9 and cisand trans-2-butene. 1 MPE results will be the subject of a later report.
All of these species, with the exception of vinylcyclopropane and trans-2-butene, require focused laser radiation to produce measurable yields. Our objective here was to ascertain whether the reaction yields, as a readily accessible experimental indicator of excitation to high vibrational energy levels, correlate with vibrational state densities and absorption cross-sections in bottlenecked molecules. The isomeric pairs, cyclopropane and propylene, and cyclopentene and vinylcyclopropane are compared in an attempt to assess the influence of an internal rotor. The results clearly show the complexity of infrared multiple photon photochemistry due to Cyclopentene exhibits a strong bottleneck, since the product yields are comparable to those from the isomeric vinylcyclopropane which WAVENUMBER, cm- Figure 6 Solid line, infrared spectrum of cis-2-butene, p 3 torr: o, product yield per 500 pulses at 0.45 j/cm (--115 j/cm at focus) in 53 mtorr of neat gas. Figure 10 shows the densities of vibrational states versus excitation above the ground level, calculated by direct state counting methods 22 using the literature fundamental mode frequencies (see Table I for sources). All modes except the internal rotors were treated as harmonic oscillators. The internal rotor treatment employed is described in the Appendix. The dashed lines shown for propylene, vinylcyclopropane and transo2-butene are state densities when the internal rotors are treated as harmonic oscillators and show the enhancement in p(E) due to the degeneracies of the internal rotor levels.
Integrated linear absorption strengths, r, of the pumped modes obtained by integrating the linear IR absorption bands, are shown in Table I , and significant differences can be seen in them. Larger r's imply a larger fraction of ground state molecules interacting with the radiation and also greater power broadening of levels (or Rabi frequency). not possible to establish such a correlation. For instance, 1-methylcyclopentene is not as readily pumped as vinylcyclopropane, even though it has higher p(E) and may require as few as two discrete level transitions.
Considering the molecular pairs cyclopentene-l-methylcyclopen-tene, and cyclopropane-methylcyclopropane, it can be seen that similar modes with comparable absorption strengths (Table I) were irradiated in each pair, and also that the Arrhenius parameters are very similar (Table II) . Thus the differences in p(E)'s could account for the differences in the reaction yields in these pairs. Larger p(E)'s in the methyl substituted molecules as opposed to their counterparts reflect their larger size and also the fact that some of the modes due to the additional methyl rotor are low frequency motions such as methyl torsion, and C--CH3 in-plane and out-of-plane bending motions (Table I ).
Comparing molecules of equal size, vinylcyclopropane and propylene pump much easier than their isomeric counterparts cyclopentene and cyclopropane respectively. This enhancement in yields could be partly ascribed to the presence of methyl rotors that raise the B(E), Figure 10 , as noted earlier. Yield disparities in these two pairs must also be reflecting the differences in o's which are three times larger in vinylcyclopropane and propylene as opposed to their counterparts (Table I ). In addition, other IR active modes are present in close proximity to the pumped modes in vinylcyclopropane ( Figure 8 ) and propylene ( Figure 3 ). It has been pointed out that closely spaced modes can have an effect similar to the anharmonic splitting of degenerate modes in more symmetric molecules by forming a band of excited state energy levels that can aid MPE by providing resonant transitions for excitation in the discrete level region (16, 23) . Lower reaction threshold energy in vinylcyclopropane (Table II) It is instructive to take a closer look at the pair of cyclopropane and propylene, the former exhibiting a severe bottleneck. An attempt was made to compare the threshold fluences for MPD in these molecules to determine if the larger yields in propylene are merely due to a larger fraction of ground state molecules interacting with the laser radiation. Threshold fluence can be a good criterion for comparing the ease of excitation through the vibrational manifold and hence the ease of MPD in molecules as it eliminates the differences in the fraction of molecules interacting with the laser and the differences in the reaction rates above the dissociation threshold. A log-log plot of yield vs. fluence at the laser lines which resulted in maximum yields are shown in Figure 11 . Up to 4000 pulses were employed at the lowest yields and the yields are close to the sensitivity limit of the gas chromatograph. Within the accuracy of the data, threshold fluences are seen to be similar, approximately 10 J/cm 2 In comparison in pairs of molecules it is seen that an internal rotor, which gives rise to a low frequency torsional mode with its level degeneracies and to the associated low frequency skeletal bending vibrations, can considerably increase the vibrational densities in small or moderate sized molecules. This we suggest forms part of the reason for the strong bottleneck in cyclopropane and cyclopentene to be diminished, for instance, in propylene and vinylcyclopropane respectively.
Here the treatment of internal rotors employed in density of states calculations is described briefly. Stein and Rabinovitch 22 suggest precise computation of lower energy levels up to 11/2 times the barrier height, with higher energy levels approximately by "Pitzer" free rotor. 36 We have used the WKB quantization rule for calculating the hindered rotor levels up to the barrier height. The method is numerically analogous to the treatment suggested for anharmonic oscillators 25 when the appropriate potential function is known. The WKB expres- The conventional three fold potential function was used for the methyl rotors V(3) V3(1 cos 32)/2 + V6(1 cos 62')/2 where V3 is the barrier height. The value of V6 was available only for propylene. 7 It was found that the exclusion of the V6 term in the potential had a minor effect on the energy levels of the hindered rotor and no discernible change occurred in the density of states in this molecule. Thus we have employed a one term potential for the rest of the cases. A degeneracy of 3 was used for the hindered levels of the methyl rotor. For the vinyl rotor a similar but two fold potential was used with a degeneracy of 2 for the hindered levels. All levels above the barrier were treated as doubly degenerate. The calculated hindered rotor levels of propylene compare well with the measured values of its first three levels reported in.
